In everyday conversations, the intended meaning of a remark is often different from what is explicitly stated. Successfully navigating social interactions requires not only an understanding of the literal meaning of an utterance, but also an appreciation for the paralinguistic cues conveyed by the speaker's facial expression and tone of voice-i.e. pragmatics. Early on, children show a preference for the human face and voice as well as an awareness of the emotional signals they convey (see Walker-Andrews, 1997 for a review). By 18 months, infants demonstrate sensitivity to the communicative intentions of others. Upon hearing a novel word, infants attend to the speaker's direction of gaze, gestures and facial expression in order to infer what the referent is and what the speaker's attitude toward it might be (Baldwin, 2000; Moses et al., 2001) . In this way, infants use their interpersonal understanding to aid in language acquisition. However, as formal linguistic skills are mastered, limited attentional resources may lead children to focus more on the propositional content of utterances than on accompanying intentional cues (Friend and Bryant, 2000; Morton and Trehub, 2001) , which may, in turn, lead to difficulties in appreciating non-literal language. Indeed, it is widely reported that children under 6-8 years of age have difficulty understanding the communicative intent behind an ironic remark (e.g. Ackerman, 1981; Demorest et al., 1984; Winner and Leekam, 1991; Hancock et al., 2000) . Nevertheless, some studies suggest that the presence of intonational cues assists children as young as 6 years old in interpreting a potentially ironic comment (Ackerman, 1986; Capelli et al., 1990; de Groot et al., 1995; Milosky and Ford, 1997; Keenan and Quigley, 1999) .
Since the advent of neuroimaging techniques, significant strides have been made in delineating the neural networks supporting language in the mature brain. However, much of this work has focused on formal linguistic skills including phonological, syntactic and semantic processing (Bookheimer, 2002) . Thus, relatively little is known about the neural underpinnings of the higher-level pragmatic aspects of language including the comprehension of nonliteral speech such as irony and sarcasm in the adult brain. Even less is known about the neural events that accompany the development of pragmatic language skills in the typically developing brain. Most of the existing research comes from neuropsychological studies of patients with brain lesions and suggests an important role for both the right hemisphere (RH) and the prefrontal cortex. Several researchers have found that patients with unilateral RH brain damage are significantly impaired in irony comprehension relative to healthy control subjects (Tompkins and Mateer, 1985; Kaplan et al., 1990; Winner et al., 1998) . Giora et al. (2000) extended this work by including a comparison group of patients with left hemisphere (LH) brain damage and found that patients with RH lesions performed significantly worse than those with LH lesions after controlling for the effects of aphasia. With regard to the role of the prefrontal cortex, Giora et al., observed that the performance scores of patients with LH lesions decreased reliably as the extent of damage in the inferior and middle frontal gyri increased (Zaidel et al., 2002) . Furthermore, Shamay and colleagues (2002) found that patients with lesions in the prefrontal cortex, regardless of which hemisphere was affected, performed more poorly on a measure of sarcasm understanding than patients with posterior lesions. Recently, the same group showed that, more specifically, patients with prefrontal lesions in ventromedial (but not dorsolateral) regions were impaired in irony comprehension relative to both patients with posterior lesions and healthy control subjects (ShamayTsoory et al., 2005a, b) .
Although no neuroimaging studies to date have examined the interpretation of irony, closely related is the rapidly growing literature on the neural basis of 'theory of mind' or the ability to attribute beliefs, attitudes and desires to others. Just as understanding others' mental states requires the ability to decouple belief from reality Gallagher and Frith, 2003) , understanding irony requires separating the literal from the intended meaning of a comment. Using a very diverse set of mentalizing tasks including inferring mental states from characters in stories and cartoons (Fletcher et al., 1995; Brunet et al., 2000; Gallagher et al., 2000; Vogeley et al., 2001) , attributing mental states to moving geometric forms (Castelli et al., 2000; Schultz et al., 2003) , detecting intentional violations of social norms (Berthoz et al., 2002) and evaluating emotional states in the self or others (Ochsner et al., 2004; Ruby and Decety, 2004) , researchers have converged on a consistent network of brain regions implicated in understanding the mental states of others. This circuitry includes the medial prefrontal cortex (MPFC), the temporal poles and the posterior superior temporal sulcus (STS).
Perhaps the most reliably activated region across studies has been the MPFC, although peaks of activity in various studies have fallen in both dorsal and ventral aspects of this region (Ochsner et al., 2004) . Some investigators have argued that the MPFC plays a specific role in reasoning about the beliefs or communicative intentions of others, whereas other regions frequently activated (i.e. the temporal poles and STS) are important for 'decoding' the available information, such as facial expression or tone of voice, to enable reasoning about mental states, while not taking part in the reasoning per se Sabbagh et al., 2004; Walter et al., 2004) . Interestingly, although the neuroimaging literature as a whole does not point to a special role for the RH in theory of mind (see Brunet et al., 2000) , Happe et al. (1999) found that stroke patients with acquired RH brain damage were significantly impaired on comprehending stories and cartoons that required mental state reasoning relative to both normal adults and patients with LH damage. Although the development of theory of mind has been well studied in children behaviorally, only one neuroimaging study to date has examined mentalizing in children. Using the same animated shape paradigm employed by Castelli et al. (2000) , Ohnishi et al. (2004) found that a sample of children aged 7-13 recruited regions very similar to those previously observed in adults including the MPFC, STS, temporoparietal junction and temporal poles. They did not, however, directly compare children with adults and, hence, could not assess whether any of these regions showed differential involvement as a function of age.
The goal of the present study was to examine developmental differences in the neural circuitry underlying the interpretation of communicative intent. Here, children and adults listened to short scenarios involving two characters in a conversational setting, where one character makes a remark that is potentially ironic. Scenarios were accompanied by cartoon drawings in which the facial expression of the speaker matched the intonation of the utterance. Irony is defined in the Merriam-Webster online dictionary as 'the use of words to express something other than and especially the opposite of the literal meaning'. Although not all instances of irony involve sarcasm, which implies a mocking or critical attitude, the two often overlap in everyday usage. For the present purposes, the terms irony and sarcasm are used interchangeably. Because the ability to appreciate the subtleties of irony is still developing in school-age children (Demorest et al., 1984; Capelli et al., 1990; Dews et al., 1996; Dews and Winner, 1997) , we chose straightforward, childfriendly stories that were paired with comments often used with both ironic and sincere intent (e.g. 'Thanks a lot!'). Using irony as a test case allowed us to add to the limited literature on the neural basis of both non-literal/pragmatic language and the development of theory of mind.
This study attempts to address two main questions. First, broadly, what are the neural networks involved in inferring the intent beyond the literal meaning of a remark? Given the neuropsychological literature on patients with RH and frontal lesions, we hypothesized that scenarios involving irony comprehension would elicit greater activity in RH and prefrontal regions than scenarios containing only literal speech. Based on the neuroimaging research reviewed above, we expected to see brain activity in regions previously associated with reasoning about the mental states of others, particularly the MPFC, since understanding irony requires the ability to decouple the speaker's intended meaning from the literal meaning. Second, how do patterns of brain activity change with age? Given highly conventional scenarios, if the ability to infer ironic intent is still developing in children but relatively more automatic in adults, children might rely on prefrontal regions, particularly the MPFC, to a greater extent than adults. Furthermore, would the children's tendency to pay more attention to the propositional content of speech be reflected in the neural networks engaged by this task with less activity shown in areas involved in processing facial affect and prosodic cues? Since facial expression and tone of voice can be important cues for interpreting communicative intent, can we elicit a more adult-like activation pattern in children by specifically directing their attention to these cues? Increased attention to facial expressions should result in a modulation of activity in temporal-occipital regions associated with face and emotion processing including the fusiform gyrus (FG) Vuilleumier et al., 2001; Pessoa et al., 2002) and possibly the amygdala (Pessoa et al., 2002) . Based on previous research on the influence of emotional intonation, attention to tone of voice is likely to engage frontal and temporal networks, particularly in the RH (Mitchell et al., 2003; Wildgruber et al., 2004; Hesling et al., 2005; Wildgruber et al., 2005) .
MATERIALS AND METHODS Participants
Twelve healthy adult volunteers (6 male, 6 female; mean age, 26.9 AE 3.5 years, range, 23-33) and twelve typically developing children (6 males, 6 females; mean age, 1.9 AE 1.8 years, range ¼ 9-14) were recruited through flyers posted at UCLA and the Los Angeles area. All participants were native English speakers with no reported history of neurological or psychiatric disorders. All were right-handed, with the exception of one left-handed boy. We performed all analyses both with and without the left-handed participant; as the pattern of results did not change when this subject was excluded and his inclusion allows for complete counterbalancing, we report all results with the full sample of 12 adults and 12 children. Written informed consent was obtained from each subject in accordance with the procedures of the UCLA Institutional Review Board.
Stimuli
Participants viewed cartoon drawings of children in a conversational setting while listening to a short story that ended with a potentially ironic remark. Each scenario had a sarcastic version and a sincere version that shared the same neutral setup (for example, 'Tom and Mary are building a tall tower'). The sarcastic ending consisted of an undesirable outcome and a final remark uttered in a clearly sarcastic tone of voice ('When Mary accidentally knocks it down, Tom says, ''Way to go!'' '). The sincere ending had a positive outcome with a final comment made in a sincere, complimentary tone of voice ('When Mary finally finishes it up, Tom says, ''Way to go!'' '). Example drawings are shown in Figure 1 . Following the sincere or sarcastic comment, participants were asked to decide whether the speaker really meant what he or she said. Yes/no judgments were indicated by pressing a button with the index or middle finger, respectively. Instructions were clear that a 'yes' response should be given if the comment was sincere and should be taken literally, while a 'no' response should indicate that the final remark was sarcastic and the speaker meant the opposite of what he or she said. Participants were shown examples of both sincere and sarcastic scenarios not used during the scan and all answered correctly.
To verify that the final comments sounded sincere or sarcastic as intended, twelve adult volunteers who did not take part in the fMRI study listened to the remarks, which were presented in isolation (i.e. without the surrounding context) and rated them on a scale of 1-7, with 1 as the anchor for sarcastic and 7 for sincere/complimentary. Sarcastic remarks received a mean rating of 1.4 AE 0.7, while sincere comments received a mean rating of 6.6 AE 0.7. Sincere and ironic versions of each scenario were matched in terms of syntactic structure, semantic complexity and length.
In order to examine the neural circuitry underlying the interpretation of irony per se, we also included a No Irony Control condition comprised of scenarios (different from but carefully matched with those used in the Irony condition) that ended in straightforward remarks where the speaker's intent was unambiguous. For example, 'Ashley and Zack are riding their bikes. When it starts to get dark out, Ashley says, ''Let's go home.'' ' As per the Irony conditions, participants were asked to decide whether the speaker meant what he or she said, though these remarks were not easily interpretable in a non-literal light and were made in a neutral tone of voice.
Ironic remarks are often marked by slower tempo, greater intensity and lower pitch level than are non-ironic remarks (Rockwell, 2000) . These speech characteristics are integral to irony and are likely to impact the pattern of activity observed when comparing ironic with non-ironic statements. However, because the neural networks involved in processing prosody are somewhat well characterized, we can still draw inferences as to which components of the networks subserving irony may reflect these speech characteristics vs other interpretative processes, as well as examine developmental changes occurring in the neural correlates of irony. scenarios (three ironic, three sincere, 15 s per scenario) that ended in a potentially ironic remark (e.g. 'Thanks a lot!'). While instructions given before the first block were simply to pay attention (Neutral Instructions condition), before the second and third blocks, the participants were told to pay attention to the facial expression (Attend Face condition) or to the tone of voice (Attend Prosody condition). We chose to put the Neutral Instructions condition first in order to be able to examine how participants would naturally process scenarios that potentially involve irony without any carryover effect of instructions to attend specifically to the facial expression or tone of voice of the speaker. The order of instructions to attend to a particular cue in the second and third blocks was counterbalanced across subjects. In order to avoid any specific item effects, scenarios were used equally often in each of the three Irony conditions across subjects.
Each participant saw only one version (sincere vs sarcastic) of each scenario. Finally, the fourth and last activation block consisted of six scenarios that did not involve any irony (No Irony Control condition), which ended in an unambiguous statement (e.g. 'Please pass the crayons').
In designing the scenarios, we sought to move toward a more naturalistic, ecologically valid paradigm by incorporating multiple elements of the rich environmental context within which most interpretation of others' communicative intentions takes place (i.e. facial expression, prosody and event context). The paradigm employed is suboptimal in some ways, in that the length of each scenario necessitates activation blocks that are relatively long and precludes an event-related design that would allow for the isolation of sincere vs sarcastic scenarios. However, these compromises were made in the framework of examining the neural processes involved in interpreting a speaker's intent as a whole, within a more naturalistic communicative context, rather than examining the ambiguous remark in isolation and assuming that inferring sincerity and irony are independent functional processes (Small and Nusbaum, 2004) .
Data acquisition
Images were acquired on a Siemens Allegra 3T Scanner. A T2-weighted sagittal scout was used to prescribe the planes of the functional images and to ensure that no structural abnormalities were present. For each subject, the functional data consisted of 155 whole-brain volumes collected in the axial plane parallel to the anterior commissure-posterior commissure (AC-PC) line using an EPI gradient-echo sequence (TR ¼ 3000 ms, TE ¼ 25 ms, 3 mm slice thickness/ 1 mm gap, 64 Â 64 matrix size, FOV ¼ 20 cm). A highresolution EPI structural volume (TR ¼ 5000 ms, TE ¼ 33 ms, 128 Â 128 matrix size, FOV ¼ 20 cm) was also acquired coplanar with the functional images.
Data Analysis
We analyzed the imaging data using SPM99 (Wellcome Department of Cognitive Neurology; http://www.fil.ion. ucl.ac.uk/spm/). Functional images were first realigned to correct for head motion with AIR (Woods et al., 1998a) using a linear rigid-body registration algorithm. In order to allow for inter-subject averaging, all images were then transformed into a Talairach-compatible standard space (Woods et al., 1999) using polynomial non-linear warping (Woods et al., 1998b) . Functional volumes were smoothed using a 6 mm full width-half maximum Gaussian kernel to increase signal to noise ratio. For each subject, condition effects were estimated according to the general linear model using a box-car reference function with a 6 s delay to compensate for the lag in hemodynamic response. Response time and accuracy scores collected during scanning were entered as regressors to ensure that any differences observed in activation patterns between conditions or groups were not due to differences in task difficulty. The resulting contrast images were entered into group analyses using a random-effect model to allow for inferences at the population level (Friston et al., 1999) . For each group, one-sample t-tests were conducted to identify clusters of significant activity for each activation condition. Between-group differences were examined using two-sample t-tests; these comparisons were made within regions where reliable activation was detected in either group across all conditions. For children, a simple regression analysis was used to identify regions of activity associated with chronological age. Based on previous research, we predicted activity in regions implicated in reasoning about the intentions of others (i.e. MPFC, STS and temporal poles), as well as processing facial expression (i.e. FG, amygdala and STS) and tone of voice (frontotemporal networks). Results were initially explored using liberal thresholds of P < 0.05, uncorrected for multiple comparisons, for both magnitude and spatial extent; however, we consider reliable and discuss only activity that survived considerably more stringent thresholds of P < 0.01 (t > 2.72) at the voxel level and P < 0.05 corrected for multiple comparisons at the cluster level (corresponding to a minimum cluster size of at least 79 voxels). Within the regions mentioned above for which we had a priori hypotheses, we employed a small volume correction (corresponding to a minimum cluster size of at least 37 voxels) to test for significance (Worsley et al., 1996) .
RESULTS

Behavioral results
Behavioral performance during scanning is shown in Table 1 . Across conditions, while no reliable betweengroup differences were observed in response times, children were slightly, but not significantly, less accurate than adults overall (F 1,22 ¼ 3.40, P ¼ 0.08). Planned comparisons revealed that adults and children did not differ reliably in response time or accuracy in any of the tasks, although there was a trend toward less accurate performance in children in the Neutral Instructions condition (F 1,22 ¼ 3.14, P ¼ 0.09), when participants were not instructed to attend to a particular cue.
fMRI results
Effects of irony. Across all irony conditions (as compared with rest), children and adults engaged similar overall networks including frontal, temporal and occipital cortices bilaterally, as expected (Figure 2 ). However, a preliminary inspection of the group profiles revealed some noteworthy differences. Specifically, children recruited left inferior frontal regions more strongly than adults and showed reliable activity in the MPFC (Figure 2A ), whereas adults did not. In contrast, adults activated posterior occipitotemporal regions more strongly than children ( Figure 2B ). In the No Irony condition, where the final remark was an unambiguous direct request, both groups again showed significant activity in frontotemporal and occipital regions relative to rest. However, adults exhibited Age-related changes in the neural basis of irony SCAN (2006) 5 of 15 the left-lateralized activation pattern typical of basic language processing, whereas children recruited a more bilateral network similar to that activated in the Irony conditions. Furthermore, despite the lack of ambiguity in the intent of the speaker in this condition, activity was also detected in the MPFC in children, albeit at a less stringent spatial extent threshold (P < 0.001, uncorrected).
To examine the networks specific to processing irony, we compared the activity summed across the three irony conditions (Neutral Instructions þ Attend to Face þ Attend to Prosody) with the No Irony Control condition within each group. As expected, adults showed reliable activity bilaterally in the superior temporal gyrus with stronger peaks in the RH. Children also showed greater activity during the Irony tasks bilaterally in the STG as well as in the left temporal pole. Both groups activated the MPFC more strongly in the Irony conditions than in the No Irony condition, with adults also recruiting an additional, slightly more dorsal region within this area ( Table 2) .
Effects of Age. To examine developmental differences in the neural circuitry involved in inferring communicative intent, we compared adults and children using two sample two-tests. For each irony condition, differences between children and adults were remarkably similar. For this reason, we focus below on reliable between-group differences summed across all three Irony conditions. For the sake of completeness, coordinates for areas differentially activated by children and adults for each condition (relative to rest) are presented in Table 3 .
As predicted, across all irony tasks, children recruited frontal regions significantly more than adults did, particularly the MPFC and left inferior frontal gyrus.
The right posterior STS was also more strongly activated in children than in adults ( Figure 3A) . In contrast, adults showed reliably greater activity than children in the left amygdala, bilateral fusiform gyrus (FG), left STG ( Figure 3B ), as well as extrastriate cortices. In order to further examine changes in brain activity with age, we conducted a simple regression analysis in children. Consistent with the between-group results, across all irony tasks relative to rest, activity in the right FG increased reliably with chronological age ( Figure 4A ) and activity in prefrontal regions, the MPFC and the left IFG in particular, Only clusters surviving a threshold of P < 0.05, corrected for multiple comparisons at the cluster level (k ! 79 voxels) and P < 0.01, uncorrected, for peak magnitude, are reported. BA refers to Brodmann's areas. L and R refer to the left and right hemispheres. x, y, and z reflect positions in Talairach coordinate space corresponding to the left-right, anterior-posterior and superior-inferior dimensions, respectively. t refers to the highest t-score. a survive a small volume correction for multiple comparisons at P < 0.05, k ! 37 voxels.
decreased with age ( Figure 4B ). Bilateral temporal activity, specifically in the left STG and right MTG, also decreased reliably with age.
In the No Irony condition, the only region more strongly activated in adults than in children was the left STG. Children, on the other hand, engaged both RH superior temporal regions and the MPFC reliably more than adults did, even though the scenarios contained only straightforward remarks, perhaps reflecting the ongoing development of basic discourse comprehension skills.
Direct between-group comparisons between children and adults for the contrast Irony (collapsed) vs No Irony conditions corroborate the findings presented earlier.
More specifically, adults showed greater activity than children in the right FG (BA 37, Talairach coordinates: 24, À56, À14, t ¼ 3.26, spatial extent threshold: P < 0.001, uncorrected), whereas children showed greater activity than adults in the left IFG (BA 45, Talairach coordinates: À48, 24, 2, t ¼ 3.12, spatial extent threshold: P < 0.001, uncorrected).
However, greater activity in MPFC was not observed when comparing children with adults for this contrast (i.e. Irony vs No Irony), likely reflecting the fact that children did activate this region also in the No Irony condition (though to a lesser extent than in the Irony conditions).
Effect of Attentional Modulation. Coordinates for peaks of activity in each condition vs rest are presented in Tables 4 and 5 for children and adults, respectively. To assess the effect of task instructions, we directly compared the Attend to Face condition with the Neutral Instructions condition within each group (Table 6) . Consistent with our hypotheses, adults showed reliably greater activity in regions associated with facial emotion processing, particularly the left amygdala and the right fusiform and lingual gyri, when instructed to attend to the facial expression than when instructed simply to pay attention. Children also showed stronger activity in the right fusiform gyrus, as well as the right temporal pole and bilateral extrastriate cortices (middle occipital and inferior temporal Only clusters surviving a threshold of P < 0.05, corrected for multiple comparisons at the cluster level (k ! 79 voxels) and P < 0.01, uncorrected, for peak magnitude, are reported. BA refers to Brodmann's areas. L and R refer to the left and right hemispheres. x, y, and z reflect positions in Talairach coordinate space corresponding to the left-right, anterior-posterior and superior-inferior dimensions, respectively. t refers to the highest t score. a survive a small volume correction for multiple comparisons at P < 0.05, k ! 37 voxels.
Age-related changes in the neural basis of irony SCAN (2006) 7 of 15 gyri). The attentional modulation effect seen in the FG was comparable across the two groups as revealed by between-group comparisons for the Attend to Face vs Neutral Instruction contrast showing no differences between children and adults in this region. As expected, for the Attend to Prosody vs Neutral Instructions comparison (Table 6 ), adults showed reliable activity in frontal and temporal networks including the inferior frontal gyrus bilaterally and the left STS. In contrast, children showed significant bilateral activity in the MTG as well as posterior extrastriate regions similar to those observed in the Attend to Face vs Neutral Instructions comparison (including the middle occipital gyrus, as well as the right inferior temporal and lingual gyri). Unlike what was observed in adults, instructions to attend to the tone of voice did not modulate activity in the inferior frontal gyrus in children, perhaps reflecting the high level of activity in this region even when instructions were neutral. Results from between-group comparisons for the Attend to Prosody vs Neutral Instructions contrast are consistent with the differences observed when comparing the Attend to Prosody vs Neutral Instructions within each group. More specifically, adults showed significantly greater activity than children in the left IFG (BA 47, Talairach coordinates: À46, 20, À4, t ¼ 5.25, spatial extent threshold: P < 0.05, corrected), whereas children showed significantly greater activity than adults in posterior regions including the left occipital and lingual gyri (BA 18/19, Talairach coordinates: À30, À82, 0, t ¼ 2.84, spatial extent threshold: P < 0.05, corrected).
DISCUSSION Brain activity during irony comprehension
This is the first neuroimaging study to use irony comprehension to examine the neural circuitry underlying the interpretation of communicative intent. Based on previous neuroimaging and neuropsychological research, we expected to see greater activity in medial prefrontal and RH regions during ironic scenarios as compared with stories not involving irony. With respect to the role of the prefrontal cortex, both children and adults showed selective activity in the MPFC (extending well into ventral MPFC) in response to vignettes involving ironic remarks. This finding is consistent with studies showing that patients with lesions in the ventral MPFC have difficulty with social reasoning tasks including the detection of irony, deception and faux pas (Stone et al., 1998; Stuss et al., 2001; Shamay-Tsoory et al., 2005a, b) . Most prior neuroimaging studies, however, have reported selective dorsal MPFC activity during tasks requiring mental state inferences Saxe et al., 2004) . Several researchers have proposed that the MPFC may be functionally organized such that the dorsal regions are engaged when the cognitive monitoring of mental states is required, while the ventral MPFC is associated with representing the affective meaning of stimuli (Gusnard et al., 2001; Adolphs, 2003; Mitchell et al., 2004; Ochsner et al., 2004; Hynes et al., 2006) . Interestingly, the patients with ventral MPFC lesions examined by Stone et al. (1998) and Shamay-Tsoory et al. (2005b) were able to pass simple first-and second-order theory of mind tasks, yet failed to correctly identify when someone had made a faux pas or detect when a speaker was being ironic, suggesting that theory of mind may be a necessary, but not sufficient, component for appreciating mental states involving an affective component. Both Stone and colleagues (1998) and Shamay-Tsoory and colleagues (2005a, b) posit that the ventral MPFC may play a role in integrating a cognitive understanding of theory of mind with an emotional understanding of the significance of the affect displayed. In the present study, both children and adults activated ventral MPFC more strongly during Irony conditions relative to the No Irony conditions, perhaps reflecting the integration of the affect conveyed through facial expression and tone of voice with a cognitive appreciation for the intent of the speaker.
With regard to a RH contribution, directly comparing the Irony conditions with the No Irony condition yielded RH-lateralized activity in temporal regions in adults, suggesting an important role for the RH in interpreting non-literal language. This finding is consistent with prior research demonstrating that patients with RH brain damage are impaired in understanding irony relative to both patients with LH lesions and healthy controls (Tompkins and Mateer, 1985; Kaplan et al., 1990; Winner et al., 1998; Giora et al., 2000) . In light of previous neuroimaging findings that the RH is engaged when coherence-seeking and integration is required, particularly at the sentence and discourse level (St George et al., 1999 , Caplan and Dapretto, 2001 , Kircher et al., 2001 , Rodd et al., 2005 , additional recruitment of RH temporal regions when the literal and intended meaning of a comment differ may reflect the need to integrate the contextual cues provided with the speaker's remark for the sake of coherence. Although children did not show the same right-lateralized activation pattern for ironic scenarios Age-related changes in the neural basis of irony SCAN (2006) 9 of 15 over and above the straightforward scenarios not involving irony, this likely reflects strong bilateral activity during the No Irony task rather than a failure to recruit RH temporal regions during the Irony conditions. While the remarks used in the No Irony condition did not lend themselves to non-literal interpretation (e.g. 'Please pass the crayons'), these utterances still need to be interpreted within the context of the scenarios. Greater RH and frontal activity in children may reflect the ongoing development of discourse skills.
Developmental changes in brain activity
This study is the first investigation into developmental differences in the neural basis of inferring communicative intent. Although children and adults did not differ reliably on behavioral measures of task performance (i.e. response time and accuracy scores), patterns of brain activity did differ between the two groups in several ways. First, across all irony tasks, adults showed reliably greater activity than children in the right fusiform gyrus (FG), a region traditionally associated with processing faces and emotional Only clusters surviving a threshold of P < 0.05, corrected for multiple comparisons at the cluster level (k ! 79 voxels) and P < 0.01, uncorrected, for peak magnitude, are reported. BA refers to Brodmann's areas. L and R refer to the left and right hemispheres. x, y and z reflect positions in Talairach coordinate space corresponding to the left-right, anterior-posterior and superior-inferior dimensions, respectively. t refers to the highest t-score. a survive a small volume correction for multiple comparisons at P < 0.05, k ! 37 voxels.
expressions (Haxby et al., 2000 (Haxby et al., , 2002 , as well as surrounding extrastriate cortices. As previous studies have established that activity in the FG increases strongly with attention to faces and facial emotions Vuilleumier et al., 2001) , greater activity in this region in adults likely reflects increased attentional resources directed toward the facial expression of the speaker. Greater recruitment of this region even when instructions were neutral may be a result of learning through experience that attending to facial expression can be the most efficient strategy for interpreting a speaker's intended meaning. Indeed, facial expressions may be discriminated more reliably than prosodic cues. There is evidence to suggest that basic facial expressions are universal across cultures and some species (Ekman, 1992; Izard, 1994 ), yet intonational cues, particularly those used to convey sarcasm, may be more variable. Although some research has shown that lower pitch level, slower tempo and greater intensity are vocal cues typical of sarcasm (Rockwell, 2000) , other work suggests that there is no 'sarcastic intonation' per se, although pitch may serve as a contrastive marker for sarcasm (Attardo et al., 2003) . The idea that experience and expertise in face processing increase with age is supported by a recent fMRI study showing that older children activated the right FG more strongly than younger children while processing faces (Aylward et al., 2005) . Furthermore, colleagues (1999, 2000) have also shown that activation in the FG increases as a function of expertise. Our finding that activity in this region increased Only clusters surviving a threshold of P < 0.05, corrected for multiple comparisons at the cluster level (k ! 79 voxels) and P < 0.01, uncorrected, for peak magnitude, are reported. BA refers to Brodmann's areas. L and R refer to the left and right hemispheres. x, y and z reflect positions in Talairach coordinate space corresponding to the left-right, anterior-posterior and superior-inferior dimensions, respectively. t refers to the highest t-score. a survive a small volume correction for multiple comparisons at P < 0.05, k ! 37 voxels.
Age-related changes in the neural basis of irony SCAN (2006) 11 of 15 reliably with chronological age in children supports the interpretation that greater recruitment of the right FG in adults across all irony conditions reflects more experience with attending to faces, which, in turn, aids in inferring communicative intent. With regard to another key region expected to play a role in understanding the communicative intent of others, children reliably activated medial prefrontal regions more strongly than did adults. Activity in the MPFC has been nearly ubiquitously reported in theory of mind studies Saxe et al., 2004) . Indeed, even when task instructions do not explicitly require understanding the intentions of others, MPFC activity has been elicited in previous language studies as long as reasoning about communicative intent is merely possible (Ferstl and von Cramon, 2002) . Here, we explicitly asked participants to decide whether or not the speaker meant what he or she said, so why was so little activity observed in the MPFC in adults?
Some researchers have suggested that posterior regions commonly activated during mentalizing tasks (e.g. the STS, amygdala and FG) extract mental state information from relevant cues, but the role of the MPFC is to use that information to reason about intentions Sabbagh et al., 2004) . It is then possible that with increased experience attending to and decoding the important information conveyed by facial expressions, posterior regions might become more efficient and effective at obtaining the necessary information and basic reasoning about mental states might gradually become automatic enough to engage the MPFC less. This notion is supported by the finding that activity in the MPFC decreased as chronological age increased. Also consistent with this view, Bird et al. (2004) recently examined a patient with extensive damage to the MPFC resulting from a rare form of stroke. Despite the fact that the lesion encompassed foci of activity identified in numerous theory of mind neuroimaging studies, the patient performed normally on several mentalizing tasks including those shown to be associated with MPFC activity in previous imaging work (e.g. advanced theory of mind stories involving double bluff, mistake or white lies). As suggested by Bird et al., it is possible that the MPFC is important for normal development of theory of mind, yet not necessary for mental state reasoning in adulthood, at least as measured by the tasks utilized within a laboratory setting. Along these lines, our stimuli involved simple scenarios to ensure that children could perform the task successfully in order to rule out that any differences in brain activation patterns would be primarily attributable to task difficulty. The limited MPFC activity in adults may, therefore, reflect the ease and perhaps greater efficiency with which they performed this task (e.g. Casey et al., 2005) .
Lastly, differential activity in the MPFC could also be attributed to a difference in the self-relevance of our scenarios to children vs adults. The dorsal MPFC is a region associated not only with understanding the beliefs and intentions of others, but also with self-relevant attributions, feelings and memories (Gusnard et Only clusters surviving a threshold of P < 0.05, corrected for multiple comparisons at the cluster level (k ! 79 voxels) and P < .01, uncorrected, for peak magnitude, are reported. BA refers to Brodmann's areas. L corresponding to the left-right, anterior-posterior and superior-inferior dimensions, respectively. t refers to the highest t-score. a survive a small volume correction for multiple comparisons at P < 0.05, k ! 37 voxels. Ochsner et al., 2004) . The characters in our scenarios were children; the interactions depicted were typical everyday situations for them, and intonation and facial expression were slightly exaggerated, as is common when irony is directed at children (Dews and Winner, 1997) . Stronger MPFC activity in children than in adults could then reflect greater salience of the stimuli for children and perhaps the use of a simulation strategy for interpreting communicative intent (Siegal and Varley, 2002) .
The other prefrontal region more strongly activated in children than in adults across Irony tasks was the left IFG. In a recent fMRI study, Schirmer et al. (2004) asked subjects to listen to positive and negative words spoken with happy or angry prosody. They found that the left IFG responded more strongly when word valence and emotional prosody were incongruent rather than congruent. Similarly, our finding that children showed greater activity in the left IFG than adults did could indicate that children are more sensitive to the incongruity between the positive literal meaning and the negative affect within ironic comments. Morton and Trehub (2001) asked subjects to listen to utterances with conflicting propositional and paralinguistic cues (i.e. happy sentences spoken in a sad tone of voice or vice versa) and judge how the speaker was feeling. While all adults used the speaker's intonation to judge her affect, children were equally likely to use what the speaker said and how she said it as the basis for making the decision. In the present study, children also had facial expression and contextual cues available to them to help judge the speaker's intention. Although they were able to correctly ignore the positive literal content of sarcastic remarks, they may have been more aware of the incongruity.
Attention to facial and prosodic cues Directing participants' attention to facial expression or tone of voice appeared to have a more specific effect on brain activity in adults than in children. Relative to activation elicited when instructions were neutral ('Pay attention'), adults showed reliably greater activity in regions associated with face processing (i.e. amygdala, right FG) when instructed to attend to faces and in frontotemporal networks when instructed to attend to tone of voice (i.e. bilateral IFG and left STG). This was as per our hypotheses, given past research on the effect of attentional modulation on affectively salient stimuli in the domain of both facial Vuilleumier et al., 2001; Pessoa et al., 2002) and prosodic processing (Kotz et al., 2003; Mitchell et al., 2003; Hesling et al., 2005) .
Based on research suggesting that children may attend to the propositional content of utterances over the accompanying paralinguistic cues (Friend and Bryant, 2000; Morton and Trehub, 2001) , we wondered whether instructions to attend to the facial expression or tone of voice would induce a more adult-like pattern of brain activity in children. However, this did not appear to be the case. Instead, although children did show greater activity in some areas associated with facial emotion processing (i.e. right FG and right temporal pole) when directed to attend to facial expression, increased activity was also observed more generally and more extensively in bilateral extrastriate cortices, including the middle occipital and inferior temporal gyri. Likewise, when instructed to attend to the tone of voice, children exhibited reliably greater activity in temporaloccipital regions than when instructed only to pay attention. However, a lack of increase in frontal activity could be due to a high level of engagement of these regions when instructions were neutral, perhaps reflecting the fact that an appreciation for irony is still developing in school-age children.
General conclusions
To our knowledge, this is the first study to examine the neural correlates of interpreting communicative intent in adults and children using irony comprehension as a test case. We have shown that, despite having no trouble distinguishing irony from sincerity, children were far from adult-like in their patterns of brain activity. Perhaps most interesting is the developmental shift from a reliance on frontal regions, including the MPFC, to posterior occipitotemporal cortices, particularly the FG. This shift may be an indication of the automatization of basic reasoning about mental states. The greater overall involvement of prefrontal areas in children may subserve the integration of multiple cues to reconcile the discrepancy between the literal and intended meaning of an ironic remark. Conversely, in adults, greater engagement of regions important for processing facial emotions may reflect increased reliance on facial cues in particular. These findings are in line with the 'progressive neural scaffolding' model of developing functional neuroanatomy (Petersen et al., 1998; Brown et al., 2005) , where frontal regions may be recruited to serve as higher-level control mechanisms to guide the activation of lower-level mechanisms in order to perform a particular task.
Since the MPFC and FG are not known to be involved in processing the prosodic aspects of speech, the observed age-related effects are unlikely to reflect changes in processing the speech cues that index irony rather than changes in interpreting communicative intent. Nor can the developmental differences we observed merely be attributed to differences in performance since children and adults were equally able to judge when a remark was ironic or sincere. Thus, our findings lend support to an interactive model of brain maturation in which significant changes in functional specialization continue to occur during development as a function of expertise within a domain (Johnson, 2001 ). The present study represents a first step toward delineating such developmental changes with regard to the neural circuitry underlying natural language pragmatics. A better understanding of the normative networks Age-related changes in the neural basis of irony SCAN (2006) 13 of 15 subserving language use within a socio-communicative context should prove critical to then qualifying neural dysfunction in developmental disorders (e.g. autism and childhood-onset schizophrenia) characterized by marked impairments in social communication.
